Abstract. Nowadays the proliferation of renewable energies has the problem of the limited capacity of the grid to absorb these types of energies due to their low quality. In order to increase their penetration in the electrical system it is mandatory to improve the control of the power stages used to inject the generated power and, in many cases, to achieve variable speed operation. The paper proposes a new current control method based on a switching table that keeps the current error in a circular area and compares it with other table hysteresis control [1], [2] . As it is shown, both the THD and the frequency is better in the proposed method.
Introduction
Power generation is evolving from large generating facilities connected to the utility towards small generating units connected to medium and low voltage grids [3] , [4] Besides, the connection of distributed generation systems to weak grids and micro-grids is becoming more important, due to the improvement of the technical characteristics of those systems [5] . The connection of these generation systems can, if done in appropriate technical conditions, improve the behaviour of the utility where they are connected or, on the other hand, if they do not take into account some conditions, they can worsen its behaviour.
Harmonic content is one of the most important problem when dealing with the connection of variable speed generation system to weak grid, by means of power electronics [5] , [6] . There are many method to soften their effects, based in high switching frequency and appropriate filtering techniques [7] - [9] although that implies an increase in the cost of the system [10] .
The techniques that imply a fewer cost are the ones directly applied to the control of the generating system because they do not require any extra components.
The use of voltage converters (VSI) in the DC/AC conversion is the most widely used [11] . There are many current control methods [11] , [12] . Among them, the hysteresis controllers are the simplest and the ones showing a better dynamic response, independent to load variations, with good stability, allowing a high precision and can be applied to the full operation range. Moreover, its implementation does not require knowing the parameters of the load. It can be implemented with analogical techniques and does not need any computational effort. However, they show some drawbacks [13] . Many controllers have been developed to solve the problems.
The methods more widely used are vector controllers that allow the use of zero vectors (V 0 and V 7 ) in a selective way. Among them, the ones based on a table have a large acceptance because of their simplicity.
The paper compares two table-based control methods. The first one is the one described in [1] , [2] , and uses hexagonal shape of the error area. The second one method proposed in this paper generates a 360x360 table using an algorithm that calculates the state that minimizes the switching frequency and uses circular error area.
Vector hysteresis control
The hysteresis controller tries to keep current between to specified values called hysteresis band [11] . They compare the current reference However, in the hysteresis vector controls, the decision of the commutation state is taken considering the bridge a global element and not the result of the state of every branch, selecting one of the eight possible states.
In order to do this, the VSI is analysed in the complex field. Using this method, the time variables of three phase current and voltage (i abc , v abc , e abc ) are represented as space vectors in the stationary components α−β, obtaining the vector voltage and current
, using Clark transform: Vectors zero and eleven are located in the origin because its value is zero. This way, the vector space is divided into six areas or sectors of 60º each. Area 1 (A1) si limited by vectors 1 V y 2 V , A2 by 2 V y 3 V , and so on. Figure 2 shows the equivalent circuit of the system. The derivative of the bridge output current phasor, neglecting the voltage drop in the inductor's resistance, is:
Where L is the value of the output inductance, p V is the bridge voltage phasor and E is the gird voltage phasor.
Besides, the desired bridge current value * I forms the current reference phasor, whose equation is V is the output voltage phasor that would make possible to achieve the desired output current.
However, the output voltage can only take eight values and thus the current output does not follow the reference perfectly, and the difference between these phasors gives the current error phasor.
Thus, the derivative of this error is:
And the switching state for the bridge is obtained from:
A. Hexagonal hysteresis control
This control [1] , [2] consist of a table-based hysteresis control that uses a two-level comparator in each phase, giving a hexagonal error area, just like in the conventional hysteresis control. The obtained table is based in the identification of the position of both the reference voltage phasor and the current error every time one of the currents reaches the band.
To do this, the voltage space is divided into six sectors (S v ) and the current error space in another six (S ε   ) For each current error sector, a voltage vector that reduces this error is taken, intending to keep the voltage difference as low as possible in order to reduce switching frequency. The graphic procedure is explained in the papers, and the result is shown in Considering that in some occasions the error can grow beyond the limit imposed by the band, in order for it to return to the limits, a second table is used, referred by the authors as "dynamic table". The switching vectors in this table are those that more quickly reduce the error, taking into account just the position of the reference voltage. 
B. Circular hysteresis control
If, instead of using a hysteresis comparator for each phase, a single comparator for the current error phasor is used, the error area becomes a circle. This error area has been used in [14] . Moreover, instead of using a 6x6 table, a 360x360 table has been used. The switching vector is obtained for every degree of both the reference voltage phasor angle and the current error phasor angle.
To do this, the direction that the current phasor and its speed is computed for each switching state. This direction is given by a line ( I M ) whose origin is located at the initial position of the current phasor (
) and whose variation is obtained from the derivative of the error phasor:
The initial position off phasor I is located in the circumference whose centre is the reference current (
) and whose radius is the tolerance band B, as shown in figure 5 . The equation for the circumference is:
Calculating the intersection of the line with the circumference, for each switching state, the time required for this intersection is computed and the state that maximises this time is taken, forming the "static table".
At the same time, the switching state that makes line I M pass as close as possible from the centre of the circumference is stored, forming the "dynamic table"
The input data for the calculation of both tables are the effective grid voltage, the maximum effective current, the band value and the inductance. The results are shown in figures 6 and 7. 
Comparison
Both methods have been simulated using Matlab in a system connected to a grid f 400 V, with a DC bus of 700 V and an inductance of 0,8 mH. The effect of the resistance has been neglected and a blocking time of 5μs has been implemented.
In order to test their behaviour under various conditions, test at 650, 350 and 150 Amperes have been performed. The internal and external bands are 10% and 12% of the reference current respectively.
The tests have been carried out varying the DC voltage from 710 V down to the minimum value required for the bridge to operate properly. Every voltage level has been kept for 0,2 seconds and the test has been repeated at least 4 times.
Comparing both static tables (fig 3 and 6) it can be noticed that they differ in 17,6 % of the data., whereas the dynamic tables differ in up to 47,75%. This makes that the behaviour of the bridge with the circular control is better than with the hexagonal control.
At high current levels the static table of the circular method always finds a switching vector that keeps the error within the desired area. However, in the hexagonal method, the dynamic table has to be used. As current decreases (switching frequency increases) the number of times when the dynamic table is used increases in both cases. In these occasion, using the circular method ( figure  8 ) ensures that the vector returns to the desired area, whereas using the hexagonal method does not ( figure 9 ). On top of that, with the hexagonal error area some situations with high switching frequency occur when the current error gets stuck in a vertex. This is one of the reasons why the error current phasor leaves the inner band in the hysteresis current control method.
Besides, figure 10 shows that the value of the harmonic distortion obtained using the second method is always better.
The switching frequency is highly influenced by the dc voltage, being possible to find an optimum value as a function of the current supplied to the grid.
The main difference between both methods is that the circular hysteresis control makes it possible to operate with lower dc voltages, which allows a lower switching frequency. Moreover, its behaviour almost does not change in the repeated simulations, having a similar number of switching in each phase. However, the hexagonal control shows great oscillations in the switching frequency, with noticeable differences among phases, being sometime even double. Lastly, the circular method shows to be much more robust at low currents because the number of times when it reaches the safety band is always much lower than in the hexagonal control. Even in some occasions the hexagonal control has been unable of tracking the reference, causing the current to go beyond both bands.
Conclusions
The paper presents a new VSI table hysteresis current control method and compares it to another existent table method [1] , [2] . The proposed method shows lower harmonic content, slightly lower switching frequency, allows operating at a lower dc voltage and it is more robust. The main drawback is that at output currents different from the one used for the calculation of the table, the error phasor leaves the desired area and reaches the dynamic band. (Always in much fewer occasions than the compared method)
